Abstract -Whole plant hydraulic conductance was measured for two co-occuring neotropical rainforest understory shrub species of the genus Piper, which differ in their habitat preference with respect to soil moisture: P. trigonum is restricted to wet habitats, whereas P. cordulatum occurs in drier sites. Plants were grown under four treatments (two light conditions crossed with two watering regimes), representing the extremes of conditions in their natural habitat. The data showed significantly higher total hydraulic conductance and leaf specific conducance in the drought-avoiding species, P. trigonum, than in the drought-tolerant species P. cordulatum. The measured parameters also differed between growth treatments. The species differences in hydraulic conductance could be interpreted as adaptive in the respective species' habitat, and might thus be important in determining habitat preference and distribution of the two species.
INTRODUCTION
The structure of the plant hydraulic system -the hydraulic architecture -can potentially limit water flow through plants and therefore restrict their water balance, gas exchange and growth [17] . Consequently, differences in hydraulic architecture might help to explain species habitat preferences with regard to soil moisture.
The water conducting system of plants should on one hand be built so that it allows for high water flow rates, high levels of stomatal opening, high transpiration and thus high carbon assimilation rates. On the other hand, it should be built, so that xylem embolism is avoided, even when water potentials get very negative, e.g. under drought conditions. An evolutionary trade-off between hydraulic conductivity and vulnerability to xylem embolisms has been proposed [28, modified by 16] . The outcome of this trade-off should reflect the ecology of the species, with plants occurring at moist microsites mainly optimizing water conductance, and plants at dry sites optimizing the avoidance of drought induced embolisms.
We studied two coexisting congeneric understory shrubs from the highly diverse pantropical genus Piper: P. trigonum C. DC. is restricted to wet rainforests or very moist microsites such as ravines, whereas P. cordulatum C. DC. is abundant in forests subjected to a pronounced dry season and tolerates relatively dry microsites, such as hilltops [7] .
The hydraulic conductance of the two species grown under different light and soil moisture conditions was measured, to determine if the species with different habitat preference have different characteristics of their hydraulic architecture. And to see if differences in hydraulic architecture among species might explain their habitat preferences. We hypothesized that P. trigonum, the species occurring in wetter habitats, has higher hydraulic conductance than P. cordulatum, the species from drier habitats, reflecting structural optimization of the hydraulic system for water conductance rather than avoidance of xylem embolisms.
A number of studies have focused on the hydraulic architecture of the shoots of large woody tropical plants (e.g. review [17] ). Information about the hydraulic architecture of entire tropical plants, and particularly about shade tolerant shrubs and their juvenile state is practically missing. The recent development of a high-pressure flowmeter [20, 27] now allows the rapid and accurate measurement of the conductance of the entire hydraulic system of small plants.
METHODS
We studied two understory shrubs that co-occur in the semi-decidious forest of Barro Colorado Island (BCI), Panama (9°9' N; 79°51' W): Piper trigonum C. DC. (previously known as P. arieianum C. DC.), and P. cordulatum C. DC. Cuttings from both species were grown under moderately shady conditions for 6 months. Plants of the same size (about 50 cm 2 leaf area) were then transplanted into pots (volume: 2 l) with a mixture of soils from old-growth forest on BCI (upper 25 cm) and were transferred to the experimental treatments in the shade house under clear plastic cover on BCI. The experiment was conducted in the dry season from January through April 1996 for 110 days.
Experiment
Three individuals of each species were grown under four different conditions: Two light conditions (high/low) crossed with two watering regimes (wet, dry).
The light conditions were chosen to represent extreme situations in the forest habitat of the plants: light conditions in the dark understory under a closed canopy layer [7] , and in a gap of approximately 14 m diameter [3] . Neutral shade cloth was used to achieve the low light condition, the high light condition was full available light in the shade house, situated at the edge of a large forest clearing. Light intensities were measured on 5 days with different light regimes with quantum sensors (LI-COR 190 SB, LI-COR Inc, Lincoln, Nebrasca, USA) connected to a data logger (LI-1000, LI-COR Inc, Lincoln, Nebrasca, USA), and compared to above canopy light measurements on a nearby tower (data courtesy of the Smithsonian Environmental Research Program). Low light conditions were 0.2 ± 0.01% of the light reaching the canopy, and high light conditions were 8.0 ± 0.36%.
The moisture conditions also represented the extremes experienced by the species. These range from soils near water holding capacity to wilting over several weeks in strong, but not unusual dry seasons (personal observation). The plants were either kept in soil near water holding capacity through watering them daily, or they grew not irrigated, until plants of both species reached permanent wilting point (sensu [1] ) after about 7 weeks: The plants were strongly wilted and did not recover overnight without additional watering. For the remainder of the experiment, plants were kept at this level, by adding the approximate amount of water they lost every day (measured as whole plant transpiration, see below). This way the plants could be kept at a functionally defined level of water stress, without dying. Gravimetric soil water content of the upper 5 cm of soil in the pots was determined weekly. Significant differences between the watering regimes developed in the forth week of the experiment. It dropped to 30 -35% dry weight in the dry treatment compared to 60 -70% in the wet treatment. The soil water content stayed slightly higher under low than under high light conditions.
Measurements
Hydraulic conductance (K) of the plants was measured using a high-pressure flowmeter (HPFM) as described in Tyree et al. (1995) . Hydraulic conductance was measured on whole shoots, the stems without leaves and the roots. Hydraulic conductance of the roots was measured in a transient measurement with a rapid increase of the applied pressure. Shoot and stem conductance were measured at "quasi-steady-state" with a constant pressure of about 0.5 MPa. Flow rate was monitored until approximately constant. To determine stem and leaf conductance, an additional conductance measurement of the stem was made after cutting off the leaves. Conductances measured with this method are near maximum values, because xylem embolisms are greatly reduced at these high pressures.
Whole plant transpiration (TR) was measured as gravimetric water loss, by repeatedly weighing (on a top loading balance to ± 0.01 g) the plants in the pots, with the pots thoroughly isolated from evaporation by plastic bags. We used daytime transpiration (6.30 a.m. -6.30 p.m.) for further calculations. Plant leaf area (LA) and stem diameter were measured as references for scaling of plant conductance. Plant leaf area was determined biweekly throughout the experiment, by measuring the area of outlines of the leaves (LI-3000 Portable Area Meter, LI-COR Inc., Lincoln, Nebrasca, USA). The largest leaf area the plants reached during the course of the experiment was used for further calculations. It was mostly reached about two weeks before the end of the experiment, because of abcission of some leaves immediately prior to the end of the experiment. Stem diameter was measured with a dial caliper (to ± 0.01 mm) in the middle of the lowest internode. One P. cordulatum individual from dark, dry conditions died before the end of the experiment, and could not be included in the measurements.
Calculations
Conductance of the plant hydraulic system may vary between plant organs (e.g. [17, 19] ). To evaluate the role of the different organs, we examined resistances (R, MPa s kg -1 ), because resistances in series are additive. Resistance is the reciprocal of the plant conductance.
where
Plant hydraulic conductance (K, kg MPa -1 s -1 ) was calculated from the HPFM measurements as:
where F is the flow through the respective organ, and P is the applied pressure. Root, shoot and stem conductance was calculated accordingly.
Plant conductance was scaled to a structural and a functional parameter of the plant: leaf area (LA) and transpiration (TR), respectively. Leaf specific conductance (K LA , kg s -1 MPa -1 m -2 ) was calculated as:
K LA describes the potential of the xylem system to supply the leaf area of the plant with water. Leaf specific conductance is conventionally used to relate the conductance of a stem section to the leaf area it supplies [17] . We modified it to describe the hydraulic sufficiency of the whole plant.
By relating plant conductance to whole plant transpiration (TR, kg s -1 m -2 ), we calculated the pressure drop in the plant.
The pressure drop in the plant is the difference between the water potential at the site of water absorption in the root (Ψ soil ) and at the site of water loss in the leaf (Ψ leaf ; more negative). The higher the pressure drop, the lower is the efficiency of the hydraulic system to supply the leaves with the amount of water they are actually loosing in transpiration.
Analysis
The data were analysed in an ANOVA with light and water treatments as fixed factors. To conform with the requirement of equal variances, all data were log transformed prior to analysis. We introduced basal stem diameter as an additional measure of plant size as a covariable in the analysis to account for the possibility that differences between species and growth conditions were due to ontogenetic dissimilarities (i.e different size; [6] ). However, because stem diameter never had a significant effect, all data presented are calculated without this covariable. Statistical analysis were calculated with DataDesk 4.0. (Data Description Inc., Ithaca, U.S.A.).
RESULTS
The highest hydraulic resistance of the plants was in the root, to which more than half of the total resistance could be attributed in all plants except P. cordulatum under dry high light conditions, which had a slightly, but not significantly lower root resistance. Above-ground resistance accounted for the remaining 45% of the resistance, with stems and leaves contributing varying amounts. Differences between the resistance the plant organs -roots, stem and leaves -imposed were highly significant (p < 0.0001; figure 1 ).
Total plant hydraulic conductance was significantly higher in P. trigonum than in P. cordulatum ( figure 2) . It also varied with growth conditions, being greater in high than in low light conditions. There was a significant light × moisture interaction (table I), resulting in much more pronounced differences between the two light treatments under moist than under dry conditions. Leaf specific conductance was again different for the two species and affected by the growth conditions, with similar trends as for whole plant conductance ( figure 3A) . Under all growth conditions it was about 1.4 times higher in P. trigonum than in P. cordulatum. Because both species had very similar leaf areas in each growth condition (figure 3B) this difference was almost entirely due to the differences in conductance. The highest values of K LA in both species were reached in the high light, moist condition, with K LA under all other growth conditions being considerably lower. Stem diameter did not have any significant effect on leaf specific conductance (p >> 0.05), including stem diameter as a covariable did not change the effect of species or growth conditions on K LA . There was a trend towards higher pressure drop, ∆P, in P. cordulatum than in P. trigonum (figure 4A) but the difference was not significant (p = 0.057). Transpiration on a leaf area basis was not different between the two species, but depended strongly on growth conditions (figure 4B). It was about 3.5 times higher in the high light combined with moist soil treatment, than under low light, water stressed conditions. Under moist conditions the ∆P was higher than under drying conditions, indicating that the actual hydraulic sufficiency was lower in moist conditions. This was true, despite the higher leaf specific conductance in moist than in dry conditions under high light. The pressure drop was the highest under moist/low light conditions, a consequence of the fact that conductance was the lowest in these growth conditions, coupled with moderately high transpiration rates.
DISCUSSION
There were significant and clear differences in the hydraulic conductance of the two species: P. trigonumthe species preferring moister habitats -had a higher absolute plant conductance and a higher leaf specific conductance. There was also a (non significant) trend for lower ∆P in P. trigonum. Thus, P. trigonum was more efficient conducting water in its hydraulic system, and more efficient to supply its leaf area, the potentially transpiring area with water. Both species reacted in the same way to different growth conditions, and the amount of plasticity for conductance and leaf specific conductance in the range of growth conditions the plants were exposed to, was the same in both species. The hydraulic system of the species occurring in moist habitats and of the plants under high light/wet conditions was more efficient in supplying their leaf area, the potentially transpiring area, with water than the species occurring in drier habitats and plants under dry conditions. The resulting slightly lower ∆P in P. trigonum indicate, that at a given soil water potential, the leaf water potential did not have to be as negative as in P. cordulatum to sustain transpiration (Eq. 6). The pressure drop from equation (6) does not include the ∆P from the "bulk soil" to the root surface. It is difficult to compute without knowledge of soil hydraulic conductance and total root surface areas, neither of which was measured in this study. However, if we assume equal root surface areas for both species in each treatment, then we can conclude, that ∆P from the bulk soil to the root surface was the same, because transpiration rates for both species were approximately equal under each growth condition and the soil types were identical.
The hydraulic system of P. trigonum was built for high hydraulic conductance, supporting high transpiration rates. This seems consistent with current notions that plant water use is limited by rhizosphere and xylem conductance, i.e., that liquid-phase conductance limits maximal stomatal conductance [15, 26] . The ability to support high transpiration rates allows the plant to have high stomatal conductances, which in turn permit high assimilation rates. Additionally, a high hydraulic conductance value will promote maximal values of Ψ meristem both during day and night. Rapid growth is promoted when growing meristems are not water stressed. In habitats, where water is not a limiting factor (for most of the time), optimization for high hydraulic conductance therefore seems to be ecologically advantageous. The drought adapted species P. cordulatum had a considerably lower conductance and leaf specific conductance than P. trigonum. Recently Nardini and Tyree (1999) surveyed the hydraulic conductance of 7 Quercus species with different habitat preferences with respect to soil moisture. They also found a higher K LA in the four water-demanding species compared to the drought adapted species. In dry habitats where growth is usually slow because of limited water availability, the ability to tolerate drought may be more important than the ability to transport water rapidly. There, it might by more adaptive to optimize for avoidance of embolisms than for high hydraulic conductance [19, 20] . Hence, plants in dry habitats need invest less carbon into shoot conductance. Some arid zone species may also benefit from a higher ratio of carbon investment in roots versus shoots. However, for the Piper species we studied, there was no species difference in root-shoot-ratio [7] .
Most studies of the hydraulic conductance of tropical plants focused on stems (e.g. reviewed by [17] , [8, 11, 10, 18, 29, 30] . However, root resistance can contribute half or more of the whole plant hydraulic resistance, and leaf resistance can also make up a considerable percentage of the total plant hydraulic resistance. In Palicourea guanensis (Rubiaceae), a tropical shrub or small tree, root resistance approximately equaled shoot resistance, which in turn was contributed at about equal parts by leaf resistance and vascular resistance to water flow in stems [20] . In seedlings of 5 species of tropical trees root resistance contributed between 30% and 60% to whole plant resistance [23] . Thus, whole plant conductances are considerably lower than just stem conductance. As a consequence, leaf specific conductances get lower when considering the whole plant, estimates for pressure gradients increase and calculated leaf water potentials necessary to support transpiration get more negative. To assess the role the water conducting system of the plant plays for whole plant water relations, assimilation rates and for its ecology it is therefore crucial not only to consider stem hydraulic properties, but to consider the hydraulic architecture of the whole plant.
Most comparitive studies of hydraulic architecture have stressed the role of xylem anatomy in explaining differences in xylem conductance. Studies investigating wood anatomy generally found greater xylem vessel diameters in species from moister than from drier areas. In the chaparral flora of California, the flora of South Western Australia and in a comparison between a Mexican wet rain forest and a dry forest, species occurring in moister sites generally had the larger xylem vessel diameters and longer vessels [2, 4, 5] . The same trend was found within some species from the genus Quercus along a climatic gradient in NE Spain [24] . Nevertheless, xylem resistance of roots and shoots may account for only 20 -30% of the total plant hydraulic resistance. Nonvascular resistance of roots and leaves may prove to be rather more important in determining the whole plant resistance to water flow in many species (e.g. [9, 13, 27] ). There have been reports of large differences in root and leaf resistance to water flow between tropical species [22, 23] , which may lead to considerable variation in plant hydraulic resistance that is independent of their vascular anatomy.
The two species within the same genus, and thus subjected to the same phylogenetic constraints, had markedly different conductances. The differences in hydraulic conductance could be interpreted as adaptive with respect to soil moisture regimes in the habitat, where each of the species occurs. This is quite remarkable, since differences between the habitat preferences are relatively slight compared to the full range of soil moistures and water vapour deficits plants can be exposed to (e.g. desert compared to understory rainforest plants). Both species occur in the understory of rainforests, a habitat with continuously high relative humidities, and exposed to relatively small temperature changes [25] . Furthermore, the difference in rainfall between the forests where the respective species are among the most common Piper species in the understory, do not differ that much when compared to the full range of rainfall regimes found in tropical lowland forests [7, 14] . Even comparably small environmental differences in moisture regimes may therefore strongly favour plants with different strategies in hydraulic architectures.
CONCLUSIONS
We found considerable differences between the hydraulic conductance of P. trigonum and P. cordulatum. These differences could be interpreted as enabling P. trigonum to be more effective in supporting high transpiration rates that are necessary to achieve high assimilations rates under conditions of ample water supply and relatively high light, than P. cordulatum. They may also allow for higher Ψ meristem values in P. trigonum promoting high growth rates. On the other hand it can be speculated that the lower conductance in P. cordulatum is correlated with lower vulnerability to xylem embolism, which would enable this species to be more successful than P. trigonum under conditions where water is limiting. These results reflect the conditions where both species are encountered in the field: P. trigonum occurs in very wet areas or microsites, and, besides being a successful and locally abundant understory species, has the ability to invade rather open areas, whereas, in contrast, P. cordulatum is the most abundant in seasonally dry habitats and in microsites that get rather dry. We can conclude that hydraulic conductance may play an important role in determining the species habitat preference.
